Scattering by core-shell semiconductor microinclusions for plasmonically enhanced near-IR applications by Fahime Seyedheydari (7398671) et al.
META 2019, LISBON - PORTUGAL, JULY 23 26, 2019
Scattering by Core-Shell Semiconductor Microinclusions for Plasmonically
Enhanced Near-IR Applications
Fahime Seyedheydari1, Kevin Conley1, Tapio Ala-Nissila1,2
1Department of Applied Physics and QTF Center of Excellence, Aalto University, P.O. Box 13500,
FI-00076, Aalto, Finland
2Interdisciplinary Centre for Mathematical Modelling, Department of Mathematical Sciences,
Loughborough University, Loughborough, Leicestershire LE11 3TU, United Kingdom
*corresponding author, E-mail: Kevin.conley@aalto.fi
Abstract
We computationally design highly reflective, plasmonically
enhanced coatings for more sensitive and versatile radiation
detectors in the infrared regime. The large scattering cross-
sections of microinclusions are exploited to design devices
and spectrally sensitive coatings for sensors, high temper-
ature insulators, and solar applications. We focus on core-
shell microinclusions composed of silver or low-bandgap
semiconductor which have plasmonic resonances with ex-
cellent and tunable scattering properties without suffering
from losses at high temperatures. These particles display a
rich spectral response dependent on the complex refractive
index of the particles.
1. Introduction
Fires and explosions are a threat to life, property, and envi-
ronment. About one-third of the thermal energy in fires is
released as thermal radiation, i.e. electromagnetic radiation
in the IR range [1]. Technologies based on gradient heat
flux sensors allow small , non-intrusive detectors to directly
and instantaneously measure the heat flux [2], unlike in de-
tectors which measure the consequences of fire (heat con-
vection or smoke). To distinguish between radiation from
fire and other heat sources, it is necessary to extract spectral
information from the detectors. A promising approach is to
coat the sensors with a spectrally-sensitive film embedded
with semiconductor microinclusions. The embedded parti-
cles reflect unwanted wavelengths using localized surface
plasmons allowing the gradient heat flux sensors to distin-
guish between emission sources. Indeed, the enhanced scat-
tering by the plasmonic resonances in low-bandgap semi-
conductor microinclusions can maximize reflectance of the
incident infrared radiation even at small volume fractions
in an insulating dielectric [3]. These properties can be ex-
ploited for preventing radiative thermal losses in high tem-
perature applications. The localized surface plasmon res-
onances of the spherical semiconductors have been shown
to reflect up to 90% of the incident light at specific wave-
lengths [4]. These applications will lead to improved work
safety, reduced fire-induced losses, and better incident man-
agement capabilities. In addition to improving sensor tech-
nologies for fire safety, these microcomposite bandpass fil-
ters can be used as high temperature insulators and solar
applications and can provide new understanding of radia-
tion transport through films.
In general, the scattered field is a superposition of nor-
mal modes, each weighted by the appropriate coefficient
an or bn. The plasmon frequency and scattering efficiency
of semiconductors are highly tunable by adjusting the size,
geometry, and dielectric environment [3]. The plasmon res-
onance frequencies of doped semiconductors can be modi-
fied by changing the material’s electronic structure, and is
another method of controlling the resonances [5]. In core-
shell particles, the interaction between the sphere and cavity
yields a splitting of the plasmon resonance into a symmetric
or bonding and an antisymmetric or antibonding plasmon
which is controlled by the thickness of the shell layer [6].
In this paper, we solve the dielectric response of small
particles in an external electromagnetic field using Mie
theory and polarizability equations. In the following, we
study the resonances in multilayered spherical microparti-
cles. First we consider core-shell particles with Si as the
core material which is coated with TiO2, SiO2, or ZrO2.
Next we focus on hollow Ag particles which can be treated
with the Drude theory.
2. Methods
We consider the problem of scattering by a homogeneous
sphere coated with a homogeneous layer of uniform
thickness. This is one of the simplest examples of a particle
with a spatially variable refractive index. We solve the
dielectric response of an electromagnetic wave incident
on a coated sphere with inner radius, r, and outer radius,
R, as shown in Figure 1. Solving Maxwell’s equations
yields the electric and magnetic Mie coefficients an and bn,
respectively, which contain the Riccati-Bessel functions in
spherical coordinates. If the permeability of the particle
and the surrounding medium is considered to be the same,
then the coefficients for a multilayered sphere are given by
an =
ψn(y) [ψ ′n(m2y)−Anχ′n(m2y)]−m2ψ ′n(y) [ψn(m2y)−Anχn(m2y)]
ξn(y) [ψ ′n(m2y)−Anχ′n(m2y)]−m2ξ ′n(y) [ψn(m2y)−Anχn(m2y)] , (1)
bn =
m2ψn(y) [ψ ′n(m2y)−Bnχ′n(m2y)]− ψ ′n(y) [ψn(m2y)−Bnχn(m2y)]
m2ξn(y) [ψ ′n(m2y)−Bnχ′n(m2y)]− ξ ′n(y) [ψn(m2y)−Bnχn(m2y)] , (2)
Figure 1: Coated sphere model adapted from Bohren and
Huffman [7].
where
An =
m2ψn(m2x)ψ ′n(m1x)−m1ψ ′n(m2x)ψn(m1x)
m2χn(m2x)ψ ′n(m1x)−m1χ′n(m2x)ψn(m1x) ,
and
Bn =
m2ψn(m1x)ψ ′n(m2x)−m1ψn(m2x)ψ ′n(m1x)
m2χ′n(m2x)ψn(m1x)−m1ψ ′n(m1x)χn(m2x) ,
and ψn(x) and ξn(x) are Riccati-Bessel functions [7]. The
size parameters are given by x = kr and y = kR. The
relative refractive indices, m1 and m2, are the refractive
indices of the core and coating relative to the surrounding
medium. The order of the resonance is represented by n,
where the dipole is n = 1, the quadrupole is n = 2, the
octupole n = 3, and so on [3]. The efficiency of scattering
can be calculated as
Qsca =
2
y2
N∑
n=1
(2n+ 1)(|an|2 + |bn|2). (3)
The spherical particles are surrounded by a non-
absorbing insulating medium with constant refractive index
of 1.5 and irradiated by Near Infrared (NIR) light, λ = 1
to 5 µm. Si has a bandgap of 1.11 eV (λ = 1.11 µm) and
the oxide refractive indices vary from approximately 1.4 to
2.4. The bulk complex indices of refraction were obtained
from Palik [8]. The bulk refractive indices of birefringent
TiO2 are averaged over the ordinary and the extraordinary
directions. To represent IR grade fused silica, the extinc-
tion coefficient of silica is assumed to be zero below 3.5
µm. The extinction coefficient of ZrO2 was assumed to be
zero and the refractive index restricted to wavelengths less
than 5.1 µm [9].
3. Results
Consider now a core-shell spherical particle with Si as the
core material of r = 0.6µm and an oxide shell with thick-
ness, t, varying from t = 0 to 0.5µm, in a host medium of
refractive index nm = 1.5. Figure 2 presents the scatter-
ing efficiency for these particles such that the blue lines are
the maximum of the scattering efficiency and y axis shows
the variable oxide shell thickness. According to Mie theory
for gold nanoparticles [10] the average particle size is pro-
portional to the displacement of the scattering wavelength
peak. Figures 2.a) and 2.b) show red-shifting of Si TiO2
and Si ZrO2 with increasing size of the particles. Com-
pared to Si TiO2 and Si ZrO2 it is observed that there
is no red-shifting for Si SiO2 . This sequence illustrates
the affect of a different shell material on the scattering ef-
ficiency. In the SiO2 coated particles, the relative refractive
index, m2, is approximately ∼ 1. When m2 = 1, the Mie
coefficients reduce to those for a sphere of radius r and rela-
tive refractive index m1 [7]. Thus there is no shifting in the
SiO2 coated particles. For TiO2 and ZrO2 m2 > 1 and the
resonances redshift with increasing shell thickness. These
different patterns show the role of the refractive index of the
shell (m2). For photon energies which are large compared
with the band gap in semiconductors, electronic transitions
are only slightly perturbed by the presence of the gap; the
valence electrons in this instance act like free electrons.
Thus, the high-energy optical properties of semiconductors
are similar to those of free-electron metals. But there are
marked differences in their low-energy optical properties
[7]. In the following, we mostly focus on metals, especially
for silver. Relatively small energies are required to excite
electrons in metals, and metals tend to be highly absorbing
and reflecting at visible and infrared wavelengths. The opti-
cal response of a collection of free electrons can be obtained
from the Lorentz harmonic oscillator model.
Figure 3 shows the scattering efficiency of an air-silver
particle with a total particle size of R = 20 nm and hol-
low core with an inner radius r = 16 nm. Additionally, it
shows the absolute value of the first three Mie coefficients
a1, a2 and b1. The position of Mie coefficients on the scat-
tering efficiency of a composite sphere indicated by vertical
arrows.
3.1. Surface Modes in Small Spheres
3.1.1. The Lorentz-Drude Model
Silver and gold are commonly used metals for plasmonic
experiments in visible and near-infrared experiments [11].
Here the dielectric function of silver is described well by
the Drude theory. The dielectric function for a electron-
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Figure 2: Qsca of core-shell semiconductor particles a)
Si TiO2 , b) Si ZrO2 and c) Si SiO2 . All particles are
embedded in a medium with a refractive of 1.5 and r = 0.6
micron.
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Figure 3: The scattering efficiency (black line) and addi-
tionally a1 (red), a2 (blue), and b1 (orange) illustrate the
first three Mie coefficients as function of the wavelength
which the Mie coefficients are confined between [0, 1], in
logarithmic scale.
spring system can be treated as simple harmonic oscillator
in the approach known as the Lorentz Model. Therefore,
the dielectric function for the system of simple harmonic
oscillators is
ε = 1 +
ω2p
ω20 − ω2 − iωγ
. (4)
For frequencies much less than the resonance frequency, the
real and imaginary parts are given by
ε′ ' 1 + ω
2
p
ω20
;
ε′′ ' γω
2
pω
ω40
.
The optical response of a collection of free electrons can
be obtained from the Lorentz harmonic oscillator model,
the dielectric function for free electrons follows from (4)
with ω0 = 0. For metal with low interband absorption, the
dielectric function can be described by the Drude model,
ε = 1− ω
2
p
ω2 + iωγ
(5)
where ωp is bulk plasmon frequency [7].
3.1.2. Polarizability
In the electrostatics approximation the scattering and ex-
tinction efficiency of a small sphere is given by
Qsca =
8
3
x4| ε1 − εm
ε1 + 2εm
|2. (6)
Qext = 4x Im | ε1 − εm
ε1 + 2εm
|2. (7)
where ε1 and εm are the permittivity of the sphere and the
surrounding medium, respectively. In addition the polar-
izability of a small sphere in a uniform field (electrostatic
approximation) is
α = V
(ε1 − εm)
(ε1 + 2εm)
, (8)
where V is particle volume [7].
The term (ε1−εm)/(ε1+2εm) that can be seen in equa-
tions (6) and (8), illustrates a connection between electro-
statics and scattering by particles small compared with the
wavelength. By minimizing the denominator of equation
(8), the Fro¨hlich condition is satisfied, which for the case of
small Im[ε] around the resonance simplifies to
Re[ε(ω)] = −2εm. (9)
At ε(ω) = −2εm the polarizability will become very large,
which is known as the surface plasmon resonance. Inserting
equation (5) into equation (8) in free space leads to
α = V
ω2P
ω2P − 3ω2 − iωγ
. (10)
The polarizability can be compared with the earlier calcu-
lation of the Mie coefficients. Figure 4 shows an agreement
in the wavelength of the polarizability and a1 maxima of
a core-shell sphere at λ= 0.326 µm. We will examine the
nature of the second a1 peak below.
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Figure 4: Similarities in positions of their resonant modes
from Mie coefficient a1 and the polarizability for a air-
silver core-shell particle (in logarithmic scale) indicated by
vertical red arrow-marks. The particle size is the same as in
Figure 3.
3.2. Expansion
By expanding the Mie coefficients an and bn as a power
series and retain only the first few terms we have [7],
a1 = − i2x
3
3
ε− εm
ε+ 2εm
− i2x
5
5
(ε− 2εm)(ε− εm)
(ε+ 2εm)2
+O(x6);
(11)
b1 = − ix
5
45
(ε− εm) +O(x7); (12)
a2 = − ix
5
15
ε− εm
2ε+ 3εm
+O(x7). (13)
The lowest term of equation (11) is directly proportional to
the polarizability in equation (8) implying that the electric
Mie coefficients contains the same polarization enhancing
character as the electrostatic polarizability [12].
3.3. Core-Shell polarizability
Polarizability of the nanovoid can be obtained by the sub-
stitutions ε1 → εm and εm → ε1 in equation (8),
α = V
(εm − ε1)
(εm + 2ε1)
, (14)
then the dipole moment of the void can be obtained. The
Fro¨hlich condition now takes the form [13],
Re[ε(ω)] = −1
2
εm. (15)
Because of the wide tunability of the plasmon resonance in
core-shell particles with metallic shell, we want to focus on
the polarizability of a coated sphere. The polarizability of
a homogeneous core sphere (ε1) coated with a shell (ε2) is
given by
α = V
(ε2 − εm)(ε1 + 2ε2) + f(ε1 − ε2)(εm + 2ε2)
(ε2 + 2εm)(ε1 + 2ε2) + f(2ε2 − 2εm)(ε1 − ε2) ,
(16)
where f is the fraction of the total particle volume occu-
pied by the core. The condition for excitation of the first
order surface mode or the Fro¨hlich mode can be obtained
by minimizing the denominator of equation (16),
(ε2+2εm)(ε1+2ε2)+f(2ε2−2εm)(ε1−ε2) = 0. (17)
By considering a hollow sphere in air (εm = 1) we can find
the resonance condition as
(ε+ 2)(1 + 2ε) + f(2ε− 2)(1− ε) = 0, (18)
where ε is the dielectric function of the shell. The roots of
equation (18) are given by
ε± =
−(5 + 4f)± 3√1 + 8f
4− 4f . (19)
These roots are known as the symmetric (ε−) and anti-
symmetric (ε+) modes [7]. Figure 5 illustrates the abso-
lute value of the polarizability for two different sizes of the
core for a core-shell air-silver system. The symmetric mode
has a red shift with increasing hollow core. The antibond-
ing resonance is weaker and narrower than the bonding one
[12]. There is a minimum at ε = −1/2 which is indicated
by a dashed line that according equation (15) comes from
the Fro¨hlich mode and is independent of the core size.
3.4. Void Plasmons and Hybridization Model
The polarizability of a particle consisting of a dielectric
core (air) and a thin metallic shell (silver) can be described
using the quasistatic Mie equation (16). These two funda-
mental dipolar modes of a core-shell nanoparticle can be
explained by the hybridization of the dipolar modes of a
metallic sphere and a dielectric void. In other words, two
hybridized plasmon modes are the result of the interaction
of the plasmons of a nanoparticle on the inner (metallic
sphere) and outer (dielectric void) surfaces. The frequen-
cies of these modes are given by
ω2l,± =
ω2p
2
[
1± 1
2l + 1
√
1 + 4l(l + 1)
( r
R
)2l+1]
,
(20)
where r and R are the inner and outer radius of the shell,
respectively. The |ω+〉 and |ω−〉 modes correspond to the
antisymmetric and symmetric modes, respectively [6].
4. Conclusions
We have simulated the scattering from surface coatings em-
bedded with spherical microparticles using Mie theory. By
adjusting the material, the size of the core or the shell, and
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Figure 5: The absolute value of the polarizability in terms
of permittivity for two different core sizes. The upper part
of the figure shows the result for lossy material, (εi = ε
′
i +
iε
′′
i ) and the lower part for lossless material (ε
′′
i = 0) in
logarithmic scale.
refractive index of medium, the energy of the surface plas-
mon resonances can be tuned to match the incident spec-
trum.
In the scattering efficiency equation of a metallic
nanoparticle in the quasi-static approximation, there is a
polarizability term. Indeed for metal nanoparticles both
absorption and scattering are resonantly enhanced at the
dipole particle plasmon resonance. Further, it can be seen
by expanding the Mie coefficients for a bare sphere the po-
larizability term exists in lowest term of a1.
The hybridization model explains the polarizability of a
dielectric void and a thin metallic shell which defines two
dipolar modes of this system. We have been shown with
increasing size of core symmetric mode has blue shift.
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